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ABSTRACT 
In MOS devices, hot carriers generated during device operation can enter the 
oxide and become trapped, therefore change the device characteristics. .Ions 
trapped in the oxide can cause the.electrical behavior of circuits to vary with time. 
The breakdown voltage, gain factor, and threshold voltage of MOS device are 
affected as a result of the trapped oxide charge. In recent years, a lot of people 
are studying on the properties of the gate oxide and finding the ways to improve 
the interface characteristics. 
The intent of this thesis is to show that by introducing fluorine, F, into the 
gate oxide of the MOS capacitor, the breakdown voltage is more·resistance to the 
radiation. Also the experiment tries to detennine ·what implant doses of fluorine 
and anneal temperatures are best for improving the radiation hardness of the gate 
oxide. 
As an introduction, a history of the study on the effects of fluorine in the gate 
oxide of MOS devices will be presented. The basic processes of MOS 
technology: oxidation, ion implantation, and diffusion are discussed for 
reviewing. The fabrication of the MOS capacitor in this experiment is discussed. 
The presence of the fluorine in the gate oxide is verified by SIMS analysis. 
1 
The breakdown voltages are measured before and after irradiation for 
comparison .. Further comparisons were made by varying -the gate oxide thickness 
from 240A to 380A, and for different fluorine implant doses: 101-3 , 1014 , 1015 
cm - 2 , and no implant (for control). The fluorine anneal time is also varied for 
companson. 
The differences of the split results are discussed and future research 1s 
suggested in the conclusion. 
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1~ INTRODUCTION 
1.1 Scope of this ·Thesis 
As the Metal-Oxide Semiconductor (MOS) devices are now being designed in 
submicron technologies, channel~hot-carrier effect has become a major reliability 
concern~ The hot electrons are emitted from the silic.on into the gate oxide when 
applied voltages are sufficiently large. In recent years, much attention has been 
given to the characteristics of the gate oxide of advanced MOS devices. It has 
been reported that by introducing fluorine, F, into the gate oxide, the MOS device 
characteristics have .improved significantly. 
The objective of this thesis was to study the radiation response of MOS 
capacitors with the presence of fluorine in the gate oxide. As it will be shown 
subsequently, by introducing fluorine into the gate oxide, the radiation hardness 
of the MOS capacitors is improved significantly. The presence of the fluorine in 
the gate oxide is verified by Secondary Ion Mass Spectrometry (SIMS) 
measurements. The breakdown voltage of the gate oxide is measured and 
compared before and after irradiation for control and fluorinated implant wafers. 
The results show that the fluorinated implant capacitors are more resistance to the 
radiation than the control capacitors. The degree of improvement depends on the 
fluorine dos·e and the gate oxide thicknesses. 
3 
There are t_wo ways to introduce the fluorine into the gate oxide. First method 
is to immerse the wafers in an aqueous hydrofluoric solution. The second method 
is by implantation followed by a diffusion. Each way has its advantage and 
disadvantage: the first one is easier to perform and has no damage to the oxide 
surf ace as of implantation method. The implantation method has the advantage of 
allowing precise concentrations of fluorine to be introduced. The disadvantage of 
ion implantation is it causes damage to the gate dielectric. However, this damage 
can be healed by annealing wafers ·at high temperature. The following reviews of 
previous work done by other_s will make it possible to understand the process. 
4 
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1.2 Background 
Nishioka, et al. [IJ introduced fluorine into the gate oxide of the MOS 
capacitors by immersing the wafers in an aqueous HydroFluoric (HF) solution, 
< 3 percent, for 5 minutes before th.ey were dried in nitrogen and loaded into the 
oxidation furnace. The oxidation f umace was .operated at a temperature of 
0 
1000°C. The total oxide thickness grown was 370A. The silicon furnace was 
covered with. a layer of fluorine from the HF treatment. After the thermal 
oxidation, the wafers w.ere annealed ·in nitrogen at 1000°C for 30 minutes, 
followed by gate aluminum deposition. Photolithography and· wet etching were 
then performed to define circular dots of 0.02, 0.05 and 0.08 cm in diameter. The 
high frequency and quasi-static capacitance-voltage (C-V) curves for the control 
and the fluorinated oxide samples were measured after F-N electron injection 
from. the silicon substrate at a constant current density of 6X 1 o-6 A/cm 2 for 200 
seconds. The fluorinated oxide had a reduced hot-electron induced damage. The 
interface traps were reduced significantly with the fluorinated oxide compared to 
the oxide without fluorine. Also by measuring the interface trap charge density as 
a function of gate diameter, they found that the effect of gate-induced stress on 
the generation of interface traps has been minimized in samples containing 
fluorinated oxides. 
5 
Another experiment was perfonned also by Nishioka, et al. l2l showed that by 
introducing a minute amount. of fluorine into the wet gate oxide of N-MOSFET's 
has improve<;! the interface properties of the oxide. The fluorine was introduced 
into the wet gate oxide by a low energy (25 Ke V) ion implantation into the 
surface region of the polycrystalline-silicon (polysilicon) gate, then followed by a 
0 
diffusion at 950°C for 10 minutes. The polysilicon thickness grown was 3500A, 
0 
and the oxide thickness was 180A. Secondary ion mass spectrometry 
measurements showed that the fluorine areal concentration ranged from O - 1016 
cm-2 , and the SIMS analys.is also indicated that the fluorine has diffused into the 
gate oxide. The plot of the midgap interface trap density, Dir, as a function of the 
fluorine implant dose showed that Dir decreases with increasing fluorine dose. 
The MOSFET resistance to channel-hot-carrier damage properties were also 
improved significant by the introduction of fluorine. This is shown by plotting 
the normalized transconductane degradation as a function of channel-hot-electron 
injection time for a set of control and a set of fluorinated N-MOSFET's. Three 
parameters: transconductance, threshold voltage and F-N injection plotted as a 
function of fluorine dose showed that all three curves had a maximum point in the 
F dose range of 5X 1014 to 2X 1015 cm-2 . It is clear that the effects of F depends 
on the· implanted fluorine dose. Too little F does not provide significant 
improvement in the interface hardness, while excessive amounts of F will also 
6 
ne·gate the beneficial effects. 
Wright, et al. [31 introduced fluorine into the gate oxide by implantation. The 
experiment was similar to the one that Nishioka did: Fluorine was implanted in 
the polysilicon at a low energy ( 40 Ke V) first, then diffused into the gate oxide at 
0 
1000°C for 30 minutes. The polysilicon thickness grown was 5000A,and the gate 
0 
oxide thickness was 140A. The experiment was perfonned on conventional N+ 
polysilicon-gate MOS tran~istors. Fluorine doses up to 2X 1016 cm-2 were used 
for the experiment. The presence of fluorine in the gate· oxide is verified by SIMS 
measurements. SIMS analysis showed that very little of fluorine remains in the 
polysilicon. The effect of wafer-to-wafer variances were reduced by masking half 
of each wafer during the implantation. The charge t.o breakdown was examined 
and a degradation in the charge to breakdown occured. The charge to breakdown 
decreased with increasing F doses. The device lifetime is monitored for different 
substrate cu~nts for various fluorine implants showing a change in the energy 
required to create an interface trap. For lower doses, the required energy was 
J.4""3.7 eV. For higher doses of F: 1016 cm-2 and 2X 1016 cm-2 , the energy 
increased to 5.63 eV and 5.82 eV, respectively. This clearly indicat~d a 
fundamental change occured in the interfacial regions of the oxide due to the 
presence of the fluorine in the gate oxide. 
7 
MacWilliams et al. [4J showed that the generation of interface traps reduced 
significantly with the fluorine incorporation into the gate oxide. The experiment 
was performed on <100> p-type silicon wafers. The MOSFET's were then 
fabricated with the SIMS MOS test structures on them. The SIMS MOS 
. 0 0 
structures had 6000A SiO 2 and 500A polysilicon deposited at 625°C on top of the 
gate oxide. The fluorine was implanted in the polysil1con prior to the gate 
definition. The fluorine was implanted in the SiF 3 form at 50 Ke V at the doses of 
6X 1014 cm-2 and 3X 1015 cm-2 . The fluorine was only implanted on half of the 
wafer, the other half without fluorine was used to reduce the effect wafer-tq-wafer 
process variances. The fluorine was then diffused into the gate oxide at 900°C for 
30 minutes. Off-state hot-carrier stressing was performed on the transistors at Vd 
= 8.5 V, V g = -5 V, and Vs = Vb = 0 V. The measurements were taken at 
different stressing times: 0, 100, 500, 1500, and 3000 s. The threshold voltage 
shift and the transconductan·ce were measured and plotted as a function of 
stressing time. It is clear that both the magnitude of the threshold shift and the 
percentage degradation in the transconductance are substantially reduced for the 
fluorinated oxide compared to the control samples. The. fluorinated oxide has 
about 3 times better hot-carrier resistance compared to the nonfluorinated oxide. 
Also, the devices with a fluorine dose of 3X 1015 cm-2 had better hot-carrier 
resistance than the devices with the dose of 6X 1014 cm -2 . This improvements 
8 
were hypothesized as resulting from the interfacial formation of a Si-F bond 
which results in a local strain relaxation. The fact that the fluorine tied up with 
the "dangling" silicon bonds forming a Si-F bond which is a stronger interface 
bond than the Si-H bond (H is from the forming gas anneal_: 4 percent H 2 in N 2 ). 
Isomae, et al. [SJ showed that the stacking faults are induced by introducing 
fluorine into the ~ate oxide. The N-type, phosphorous-doped <100> silicon 
wafers are used in this study. First, all the wafers were oxidized at 1100°C in wet 
0 2 for 2 hours to fomi Oxidation-Induced Stacking Faults (OISF). The oxide 
was then stripped off and the wafers were reoxidized at 1000°C in wet O 2 for 30 
0 
minutes to grow a 2300A oxide thickness. The density and length of OISF were 
2X 103 r;m-2 and 13µm, respectively. The length of these OISF were used as a 
reference length in the experiment to determine whether OISF expands or shrinks 
during the following oxidation step. Boron, B, F, and BF 2 were implanted into 
the gate oxide at the energies of 35, 60, and 160 Ke V, respectively. The 
implanted samples were oxidized in dry O 2 at 1100°C for 4 hours and then 
etched to investigate OISF after removal of the oxide. From the measurements, 
the non-implanted and the B-implanted samples showed the growth of OISF up to 
28µm in length, and the fluorine and BF 2 implanted samples showed the largest 
length of OISF is nearly equal to the reference length, 13µm. This indicated that 
fluorine ions had a suppression effe~t on the growth of OISF. The relation 
9 
between the length of OISF and the dose of BF 2 was studied. The result showed 
that the best shrinkage of OISF occurred·at the doses of 1015 -10 17 cm-2 at around 
1100°C. Similarly, a study for wet 0 2 oxidation after the ion implantation 
showed that there was no shrinkage of OISF due to· fluorine. 
Inoue et al. [61 reported that the ·interface-state density of devices prepared 
from a photochemical vapor deposited SiO 2 film is reduced by F 2 treatment. The 
experiment was performed on < I 00> n-type doped silicon wafers of about 0.38 
ohm.cm resistivity. A D2 discharge lamp was used as the light source and was 
set on the top of the chamber. The source gases were Si 2H 6 and 0 2 . The 5% 
F 2 gas diluted in helium was blown against the wafers for 5 minutes at 20 Pascal. 
The growth rates· of the SiO 2 were measured and the results showed that the 
growth rates are. not much affected by the F 2 treatment. The interface-state 
densities were measured for the diodes without and with the F 2 treatment. The 
results showed that the interface-state densities are reduced from 5X 1011 -
3X 1010 cm-2 .ev-1• The experiment also showed that the interface-state density 
is reduced more significantly· (5X 109 cm-2 .ev-1) with t~e F 2 treatment under the 
irradiation of the Xe short. arc lamp (UV light). Using the Xe lan1p instead of the 
D2 lamp, the absorption coefficient ofthe wavelength is increased. 
Shioya et al. [?J showed that the electrical breakdown field of SiO 2 film 
degraded remarkably at 1000°C with the presence of fluorine in the chemical-
10 
vapor-deposited tungsten silicide film. Tungsten silicide films ·were deposited by 
using a parallel plate type CVP reactor. WF 6 and SiH 4 were used as reaction gas, 
and He was used as a dilutions gas. The SiO 2 was thermally grown on a p-type 
doped <100> with resistivity of about 10 ohm.cm at 320°C for a thickness of 
0 0 
400A. WSix films with thickness of 2000A were deposited on the gate ox"ide, on 
0 0 
the 1 OOOA nondoped polysilicon, on the 1 OOOA doped polysilicon, and on the 
. 0 . . 
stacked structure of doped ·pol ysilicon of 1 OOOA and CVD- Si 3N 4 film of about 
0 
100A. The CVD-WSix film was annealed at 600°C to 1000°C. in nitrogen for 30 
minutes. Large concentrations of fluorine were found in the deposited WSix fi_lm, 
4.5X 1021 cm-J. After the annealing, the fluorine diffused to the oxide and piled 
up at the Si - SiO 2 and polysilicon - SiO 2 interfaces with a peak density of about 
5X 1020 cm - 3 . The effect of the fluorine on the electrical breakdown properties 
was examined. The results sho·wed that the polycide (WSix) capacitors had a 
lower breakdown distribution than the polysilicon capacitors, and the stacked 
structure capacitors had the highest breakdown distribution. The breakdown 
degradation was due to the presence of the fluorine in the gate oxide. This was 
proved by the improvement of the breakdown distribution in the stacked structure 
where the silicon nitride was found to effectively block the diffusion of fluorine 
as measured by SIMS. 
ll 
2. EXPERIMENT 
2 .1 Introduction 
MOS capacitors were used in this study, because they have the advantage of 
simplicity of fabrication and analysis. The. processing used in fa.bricating the 
MOS capacitors is the same as the processing used in integrated circuits. By 
using MOS ·capacitors, almost all of the properties of interest in the SiO 2 and Si-
SiO 2 interface can be measured. The Capacitance-Voltage (C-V) measurements 
for MOS capacitor are more accurate than for MOSFET devices because of the 
one dimension nature of MOS capacitors. :In MOSFET devices measurements, 
the measured capacitance has to be corrected for the parasitic capacitance caused 
by overlap of the gate over the source and drain junctions. In this experiment, the 
fluorine is introduced into the gate oxide by ion implantation then followed by a 
diffusion. The ion implantation and diffusion processes are briefly reviewed since 
they are involved directly to the introduction of fluorine into gate oxide. The 
oxidation process is also reviewed because it involved directly to the formation of 
the gate oxide itself. 
12 
2 .2 Oxidation 
Oxidation is a process in which an oxide (silicon dioxide, SiO 2) is grown on 
the surf ace of the silicon. This oxide is used as a mask against implantation or 
diffusion of dopant into silicon, or masks the silicon from chemical action, or to 
act as an electrical insulator. Another major role of silicon dioxide is that of 
surface protection and passivation. 
There are several ways in which a layer of silicon dioxide can be grown on a 
silicon surface such as: thermal oxidation, wet oxidation, vapor phase. and plasma 
oxidation. The purpose of this section is to describe the method used in this 
experiment: thermal oxidation. This is the preferend means for the most critical 
device application. 
Thermal oxidation of silicon is typically performed in the temperature range 
between 800°C and 1200°C. The oxidizing species may be dry oxygen, wet 
oxygen, which is saturated with water vapor at temperatures between 85°C and 
95°C, or steam. The chemical reactions of dry oxygen and wet oxygen of silicon 
are given in the following equations: [S] 
Si (solid) + 0 2 --e-> SiO 2 (solid) Dry oxidation. 
Si (solid) + 2H 2 0 ---> .SiO 2 (solid) + 2H 2 Wet oxidation. 
13 
Wet oxidation is perfonned at temperatures of about 800°C to I 000°C. Dry 
oxidation is performed at temperatures in the region of 1200°C. The produced 
silicon dioxide is bonded to the silicon crystal but is· not crystalline, l9l it's called 
an amorphous solid. The term "amorphous" means "without structure". The 
mechanism of oxide f onnation involves the shared valence electrons between 
silicon and oxygen. The silicon is consumed during the o.xidation process, 
therefore the Si-SiO 2 interface moves into the silicon. It is shown that for a given 
oxide thickness t0 x grown, a layer of silicon of 0.46 fox thick is consumed. [lO] 
The general equation for the oxide thickness is given by: [l l] 
_AA/1 t+t 
fox - 2( \J + A 2 / 4B - 1) 
Where: t0 x = oxide thickne·ss 
B = parapolic rate constant 
Bl A = linear rate constant 
t = oxidation time 
t = initialization parameter. 
At low temperatures, the oxide thickness is approximately a linear function of 
the oxidation time : 
14 
B 
lox= -(t + 't) 
A 
At higher tern peratures aDd for thicker oxides, the oxide thickness 1s 
proportional to the square root of the oxidation time: 
t ox = -J B ( t + 't) -...J B 't 
Figure 1 and figure 2 show the parabolic rate constant, B, and the linear rate 
constant, Bl A as a function of temperature, respectively. The absolute value of A 
increases with the decreasing temperature, while the parabolic rate constant B 
decreases with decreasing temperature. The rate of oxide growth is a function of 
temperature, pressure oxidizing ambient (dry oxygen, wet oxygen or steam), 
orientation of the silicon wafers and doping levels. The growth rate for wet 
oxidation is much faster than for dry oxidation because H 2 0 diffuses through the 
oxide at a much faster rate than pure oxygen alone. Because of this reason, wet 
oxidation is used in the growth of the thick field oxide between active devices, 
and the dry oxidation is used in the growth of the gate oxide where the silicon is 
required to have a low charge density level and a more controlable thickness. 
Figure 3 and figure 4 plot the oxide thickness as a function of oxidation time for 
oxide growth in dry oxygen and in steam for (100) silicon, respectively. Figure 5 
and figure 6 [l2l plot the ·oxide thickness as a function of oxidation time for oxide 
growth in dry oxigen and in steam for (111) slicon, respectively. Comparing 
figure 3, 4, 5, and 6, the growth rate for ( 111) silicon is faster than ( 100) silicon. 
15 
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For the past several years, Chlorine, HCl, are used to improve the oxide 
characteristics. Introducing a few percent ( 1 % to 9% by volume) of HCl to the 
oxygen during oxidation improves the film quality. o·xidations of silicon in HCI 
and Cl 2 have been demonstrated to produce improved electrical stability of the 
resultant oxide. The addition of HCl to the oxidizing atmosphere reduces the 
surface state density at the Si-SiO 2 interface. The Chlorine mixtures have also 
been shown to be extremely effective in cleaning furnace tubes such that no ionic 
contamination like sodium can be detecte.d in the oxides. Also the presence of 
HCI during oxidation increases the oxidation rate as illustrates in figure 7. [t 3J 
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2 .3 Ion implantation 
Ion implantation is a means of introqucing ionized atom.s in a controlled and 
precise manner into semiconductor material. In this. process, a beam of impurity 
ions is accelerated with enough energy to penetrate beyond the surf ace. As the 
impurity atoms enter the crystal, they give up their energy to the lattice in 
collisions and finally come to rest at some average penetration depth. This 
penetration depth is called projected range, RP. For impurity atoms to penetrate 
0 0 
1 OOA to 10, OOOA below the silicon surf ace, energies of 3 Ke V to 500 Ke V must 
be used. The depth of implantation is propertional to the ion energy. Figure 8 [l4J 
shows the distribution of implant impurities about the projected range, RP. 
The depth distribution is approximately a ·oaussian distribution. The 
concentration of implanted atoms described as a function of position by: ·[lSJ 
Where: ·x = depth of implantation. 
11.Rp ~ standard deviation or "straggle" of the distribution. 
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The maximum concentration occurs at x = RP and can be written as: 
Where q> is the implant dose. 
Ion implantation has several advantages over diffusion. One of the advantage 
is that ion implantation can be done at low temperature. This means the doping 
layers can be implanted without disturbing previous diffusion regions. Ion 
I • 
implantation also provides better lateral registration of the doped regions and 
better control of concentration, depth and uniformity. 
By performing several implantations at different energies, it is possible to 
produce a desired impurity distribution. This is illu~trated- in figure 9. [l 61 The 
disadvantage of ion implantation is the damage produced by the ion 
bombardment. As a result of the collision proce_sses, s9me· of the ions remain 
electrically inactive and do not provide the proper doping concentration for 
device. This damage can be healed by some form of post-implant annealing. The 
annealing procedure electrically activates the inactive ions due to lattice dama_ge. 
The annealing time-temperature required is less than that required for a 
comparabl_~ diffusion process. 
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2 .4 Diffusion 
Diffusion is the transportation of atoms in a lattice, governed by Fick's law 
into the semiconductor wafer. 
Fick' s first law: [l ?J 
oN F(x)=-D-y;; (1) 
Where D = diffusion constant. 
N = impurity density. 
x = diffusion distance from the silicon surface. 
F = impurity flux density. 
Fick's first law states that the particle flux, F, 1s proportional to the 
concentration gradient. 
Fick' s second law states that the time rate of change· of the particle density is 
related to the gradient of the particle flux density: [lSJ 
oN(x,t) ___ oF 
8t ox (2) 
Combining equations ( 1) and (2) gives: 
(3) 
Where t is the diffusion time. 
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When appropriate boundary conditions are applied and this equation is solved, 
the impurity density is expressed as a function of diffusion distance x. There are 
two sets of boundary conditions. The first condition is a. constant source of 
impurity _atoms during the entire diffusion process. This is considered as 
diffusion from an infinite source. The solution to Fick's second law for this case 
. 1s: 
N (x) = N0 erfc ( ~ ) (4) 2 Dt 
Where: NO = constant surf ace concentration. 
t = diffusion time. 
And erfc is the error function compliment which is defind: 
y 
erfc(y)=l-erf (y) = 1- -~ f e-A2 dA 
"\J 1t 0 
The second condition involves first a predeposition step then the impurity for 
a constant total number of impurity atom.s are diffused (drive-in). The solution to 
Fick's second law in this case is a Gaussian distribution: 
Q x2 
N (x) = ~1tDt e 4D 
Where: Q = number of atoms deposited. 
(5) 
D = the diffusion coefficient and is a function of temperature: 
29 
-Ea 
D-·D0 exp.( ) (6) kT 
Where: D0 = a proportionality constant. 
And Ea = the activation energy. 
Figure IO [I9J shows the di.ffusion coefficient as a function of temperature. 
Figure 11 r2o1 is the normalized curves for the erfc and Gaussian from equations 
(4) and (5). 
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2 .5 Device fabrication 
The MOS capacitor used in this study was fabricated on ( 100) oriented p-type 
siljcon wafers. The resistivity is about 10 ohm.cm. The process flow described in 
table I is useo. to form rectangular (85X85)µm 2 capacitors. 
The process begins with a lightly doped p-type expitaxial layer grown onto a 
heavily doped P+ substrate for the bulk. A thin pad oxide layer is grown fallowed 
by the deposition of a silicon nitride (Si 3N 4 ) film. 
The front of wafers is laser scribed for identification. The photoresist is 
applied, exposed, and developed to define the active area. .Plasma etch is then 
used to strip the photoresist as well as to remove the silicon nitride. 
. 0 
The field oxidation is grown at 950°C to a thickness of ll, OOOA. The field 
oxide is then defined by a minute wet et~h with buffered Hydrofluoric acid (BHP) 
which is a mixture of Ammonium Fluoride (NH 4F) with HF. 
The silicon nitride is then stripped followed by a gate O or pad oxidation to a 
0 
thickness of 950A at 1000°C. The pad oxiqe is removed by a 15: 1 etch, which is 
a mixture of 15 NH 4F and· 1 HF, for 8 minutes. 
After the pad oxide is stripped, .the wafers were divided into two groups for 
0 0 
different gate oxide thickness: 240A and 380A. The gate oxide is grown ~d 
annealed at 950°C. 
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The n+ doped polysilicon gate electrode is deposited ·in. a Low Pressure 
Chemical Vapor Deposition (LPCVD) furnace followed by a phosphorous 
diffusion at 950°C to obtain a poly sheet resistivity of about 25 ohm/square. 
After stripping the oxide that is formed during the phosphorcius diffusion, 
fluorine is implanted into the gate at a low energy of 30 Ke V to reduce the 
damage effects. Three different doses of fluorine were used (1013 , 1014 , and 1015 
cm-2') for the implantation. Each dose is implanted into different quadrant of the 
wafer using the photoresist blocking the other three quadrants. This step is 
repeated three ~imes for the three different doses. When the implan_tation is done, 
the -wafers bave the ·implant doses oriented as shown in figure 12. The fourth 
quadrant which has no implantation is used as a control. By implant differe.nt 
doses of fluorine and using the control on the same wafer, the process ·variances 
from wafer to wafer is reduced. 
The source gas used for the fluorine implantation is BF 3 . The fluorine is 
detected using ion beam spectrum analysis. r21 J 
An ion beam spectrum is a plot of all the ion beam species as a· function of the 
analyzing magnetic field setting. By observing the spectrum, the desired species 
can be detected. Figure 13 shows how the fluorine is detected in this experiment. 
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After the fluorine implantation, the fluorine is annealed into the gate oxide at 
the different temperatures: 400°C, 800°C, and 1000°C for 30 minutes. The 
wafers were split into three different groups for diffe.rent temperatures. 
Following the fluorine annealing, the gate photoresist is applied, exposed, and 
developed; then plasma etch to complete the gate definition. 
Finally, the gate photoresist is stripped and clean. The poly ·in the back of the 
wafers is removed and the wafers then cleaned. The wafers are now ready for the 
electrical testing. 
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TABLEI 
Fabrication Process fo"r NMOS capacitors 
Step Operation comments 
1 Front side laser scribe 
2 Semitool rinse/dry 
3 Ammon. Hydrox/Perox clean 
4 PR active area 
5 Plasma -etch active area 
6 Plasma PR strip 
7 Sulf/perox clean 10 min 
8 Initial steam oxide 11,000 A 
9 Oxide etch BHF 1 min 
10 Nitride etch 30 min 
11 Sulf /Perox clean .3 min 
12 Gate O oxide (1000 C) 950A 
13 Sulf /perox clean 5min 
14 clean 15:1 8 min 
15 Gate oxide/anneal (950 C) 240 A and 380 A 
16 Measure Tox in grid nanospectrometer 
17 Deposit undoped PolySi 3500A 
18 Phos. diffuse (950 C) Rs = 25 ohm/ sq 
19 Oxide etch BHF 2 min 
20 PR fluorine for 6-9 quadrant 
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TABLE l (Cont.) 
Step Operation 
commentc, 
21 Implant F 10El3, 35 Ke 
22 Plasma PR strip 
23 PR fluorine for 9-12 quadrant 
24 Implant F 10El4, 35 KeV 
25 Plasma PR strip 
26 PR fluorine for 12-3 quadrant 
27 Implant F 10El5, 35 KeV 
28 Plasma P;R strip 
29 Fann.eal (400, 800, and 1000 C) 30 min 
30 PR poly 
31 Plasma etch poly 
32 Plasma PR strip 
33 PR strip sulf/perox 10:1 10 min 
34 PR wafer front-thick 
35 Plasma etch poly-back 
36 PR strip sulf /perox 10: 1 10 min 
37 Ship to electrical testing 
37 
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Fig 12. Orientation of the dose of Fluorine implantation. 
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3. RESULTS AND·DISCUSSIONS 
3.1 SIMS analysis 
The secondary ion mass spectrometry analysis is used to verify the presence 
o( the fluorine in the gate ox1de. All analyses were made on the Perkin-Elmer 
PHI-6300 with an O 2 + primary beam and a detector of negative secondary ions, 
0 
at a sputter rate of approximately 550Nmin. 
The SIMS analysis is done on the four quadrants of the wafers, since each 
quadrant was implanted with different doses of fluorine. The SIMS 
measurements were only done on the edge (outside of the active ~as) of each 
quadrant, because of a large area is needed for SIMS analysis. Besides, using the 
outer portion of the wafers helps more accurately to detennine the concentration 
of fluorine present in the wafers, because of the of the photoresist technique used 
for the fluorine implantation. In this experiment, we are only concerned with the 
pol y-SiO 2 interface, therefore the peak concentration of fluorine at the interface is 
of critical concern. 
Samples are separately calibrated for SiO 2 and for silicon. Analysis locations 
were the unpatterned areas near the edge of the wafers. Note that for all the 
following SIMS plots, the desired thin gate oxide is -not present in the unpatterned 
area analyzed on the wafers. Instead, there is a-polysilicon layer on a thick oxide. 
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This oxide layer is the sum of the gate oxide and the thick field oxide beca_use of 
the analysis was done on the unactive areas. Three wafers were measured for 
different anneal temperatures: 400°C, 800°C, and 1000°C; and for different 
implant doses: 1013 , 1014 , and 1015 cm_:_2 . 
Figure 14, 15, and 16 show the fluorine concentration of the 400°C anneal for 
1013 , 1014 , and 1015 samples; The results show that only a small amount of 
fluorine is diffused into the gate oxide. Most of the fluorine still remained at the 
polysilicon surface. For 1"0 13 cm-2 samples, the fluorine peak concentration at 
the poly-SiO 2 interface is 1017 cm-3 . And for the 1014 and 1015 cm-
2 samples, 
the fluorine peak concentrations at the interface are 6X 1017 and 1018 cm-3, 
respectively. 
After 800°C annealing, the fluorine starts to move into the gate oxide from the 
polysilicon. However, some of the fluorine still remains at the polysilicon 
surface. For 1013 cm-2 samples, the ffuorine peak concentration at the poly-Si02 
interface is 2X 1018 cm·-3 (figure 17). For 1014 and 1015 cm-2 ·samples, the 
fluorine peak concentrations at the interface are 5Xl018 and 1019 cm-'-3., 
respectively (figure 18 and 19). 
After 1000°C annealing, most of the fluorine penetrates into the gate oxide as 
can be seen in figure 20, 21, and 22. Very little of fluorine is left in the 
41 
polysilicon. For 1013 cm-2 samples, the fluorine peak concentration at the poly-
Si02 interface is 3X 101~ cm-3 . For 1014 and 1015 cm-2 samples, the fluorine 
peak concentrations at the interface are 3X 1019 and 1020 cm-3 , respectively. 
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3 .2 Breakdown voltage 
The electrical test equipment used to measure the breakdown voltage in this 
experiment ·consisted of a Keithley Model S350 parametric test analyzer, an 
Electroglas M~el 2001X wafer probe station. 
The breakdown voltage was measured by increasing the applied gate voltage 
at 1 volt intervals until a current of 1 µA flows. 
The breakdown voltages were measured twice for before and after X-ray 
irradiation. The measurements were done first on half of the devices on each 
wafer before irradiation. After irradiation, the breakdown voltages were then 
measured on the other half of the devices. For comparasion, the measurements 
before and after irradiation were done on adjacent sites by writing a program 
which was enable the prober step-and-repeat probed on every other site·. 
The results are then summarized and plotted for com paras ion. Table 2 and 3 
are the summary of all the raw data for the breakdown vol_tage measurements 
before aDd after irradiation, respectively. 
The breakdown voltages measured before irradiation are plotted in figures 23, 
24, 25, 26, 27, 28, 29, and 30. Figures 23, 24, 25, and 26 plotted the breakdown 
0 
voltages for the oxide thickness of 380A at the fluorine diffusion temperatures of 
400°C, 800°C, 1000°C, and control, respectively. Figures 27, 28, 29, and 30 
52 
plotteq the breakdown voltage of the fluorine diffusion at temperatures of 400°C, 
0 
800°C, 1000°C, and control for the oxide .thickness of 240A, respectively. 
Figures 31, 32, 33, 34, 35, 36, 37, and 38 show the breakdown voltage 
measurements after the irradiation. Figure_s 31, 32, 33, and 34 are plots of the 
breakdown voltages after fluorine diffusion at temperatures of 400°C, 800°C, 
0 
I000°C, and control for the oxide thickness of 380A, respectively. Figures 35, 
36, 37, and 38 plotted the breakdown voltages after the fluorine diffusion at 
temperatures of 400°c, 800°C, 1000°C, and control for the oxide thickness of 
0 
240A, respectively. 
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TABLE II 
BREAKDOWN VOLTAGE [VOLTS): 1 2 3 4 5 6 7 8 o 1ol 11l 12! 13l t4l 1sf 1ej 11l 1el 19120l21 j22 23 2 42 5 26 27 28 ~ 
30 
THK TEMP DOSE 
BREAKDOWN VOLTAGE DISTRIBUTION MEANM 
--
--------
-
-
-•- --
. -
-
-- -- -
-
--- - -
380 400 1.00E+ 13 0 0 0 0 00 1 1 0 0 0 0
 0 0 0 1 1 0 3 4 5 7 6 1 0 0 0 0 0 0 
20.2 
------
------- --
_.___ 
-~- - - - -- -
-1---- --- - - --- - -
-- -
380 400 1.00E+ 14 0 0 0 0 00 0 0 1 0 0 
1 1 0 0 0 1 1 1 1 8 10 8 2 1 0 0 0 0 0 
20.9 
- -----
-
-
- - -
---
- ----- --
380 400 1.00E + 15 0 0 0 0 00 0 1 0 0 0 0 
0 0 0 0 0 0 0 2 9 12 11 5 0 0 0 0 0 0 21.3
 
-- ·-
_.__ 
- -
---
I----
380 400 Control 0 0 1 00 0 20 0 1 0 2 
0 0 1 4 4 3 2 0 7 3 0 0 0 0 0 0 0 0 16
.8 
-
_._ +-
---
__ .__ 
1---
- --
- ,- - -
--
380 800 1.00E+13 0 0 0 00 00 00 1 0 0 0
 0 0 0 0 0 1 6 6 8 8 2 1 0 0 0 0 0 21.5 
----
-- -
-
- --
I---
- - - - --·-
--
-- -
-- -
I--- -- --- ---
380 800 1.00E+14 0 0 0 00 00 00 0 0 0 
0 0 0 1 0 0 0 1 0 14 11 5 1 1 0 0 0 0 
22.2 
-------
--
- -
- c- - - - - -- - -
--- - -- -- -
--
- -
- ---
---
380 800 1.00E + 15 0 0 0 00 0 0 00 0 0 
0 0 0 0 0 0 0 1 0 0 16 15 8 0 0 0 0 0 0 
22.8 
-----
--
·- -
---
I---- - - -- --- -- - -
-· -- - -
- -
- - --
- - --
----
380 800 Control 0 0 1 00 1 3 1 0 0 0 0 0 
1 6 1 2 4 5 2 2 2 0 1 0 0 0 0 0 0 
16.4 
------
------
---
--
._ -~- - - -- -
1----
-
-- -
-- - -
- -- - -
--
- -- -
-1......----- ----
380 1000 1.00E+13 0 0 0 00 00 00 0 0 0
 0 0 0 1 0 0 0 0 3 12 10 4 2 1 0 0 0 
0 21.7 
---
----
-----
._ __ 
- --- - -
- -
, __ 
-
- - -
- -
-- - -
- - - -
-- - -
- -
-
---- --
380 1000 1.00E+14 0 0 0 00 00 00 0 0 
0 0 0 0 0 0 0 1 0 0 4 13 7 0 0 1 1 0 
0 22.8 
------
------ --
->- >- --
I-- -- -- -- - - -
-- - --
- - --
---
380 1000 1.00E + 15 0 0 0 00 00 00 0 0 0 
0 0 0 0 0 0 0 1 0 0 10 10 4 8 2 1 0 0 
24.1 
-----
--
--- ------
-- -----
-- --
- - -
- - ·- -
-
--- - --
- - - -
- -
--
- - -
- -
-- -
--
~-- - -- ---
380 1000 Controf 0 0 0 0 1 2 1 1 1 2 1 0 3 
2 1 3 6 0 0 1 3 2 3 1 0 0 0 0 0 0 
17.1 
-------
--- ------
-- -- - --
f- - - - >-·- ~-
..__ 
-
-
- - - -
-
-- - - -
- -
- -
-
-
-- . 
--- -----
380 CONTROL 1.00E+13 2 3 0 00 0 2 0 2 0 0 0 2 
1 3 2 1 1 1 3 1 3 3 2 3 1 1 1 0 0 
17.1 
---------
----~-
1--
·--
_,__ 
- -
-
- - -
-- - - -
-- -
- - -
-- - -
--- ~--- ---
380 CONTROL 1.00E+14 2 1 0 30 00 00 0 2 0 
0 1 3 0 0 7 4 3 4 4 2 1 1 1 0 0 0 0 
16.9 
----------
----
-----
..___ 
- - --
-
-- --
- -
- -
-
- ~- - - - -
- -
- -
---
-- - ---
380 CONTROL 1.00E+15 0 0 0 00 00 2 0 0 0 0 
0 2 4 4 0 8 3 1 0 6 3 0 0 0 1 0 0 0 
17.3 
-------
----
-
.____ .. >- 1-- - - - - -- - - -
-
- -
- -
--
- -
- - - -
-
- ~--
..____ ____ 
380 CONTROL Control 0 0 0 00 3 O 00 0 3 1 1 
4 1 2 4 1 0 0 5 0 1 3 0 1 0 1 0 0 
16.7 
----
---
--- -
-
-
-
- -- -
-- -- -
- -
- - -
- -
-
L-----
-- ---
240 400 1.00E + 13 0 1 0 1 0 00 0 1 0 2 7 10 
8 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
12.5 
---·----
---------
- -
--
_,_ 
-- -
- - -
-- - - --
- --
-- --
,_ 
- -
--- --
----
240 400 1.00E + 14 0 0 0 1 0 00 00 0 0 10 
12 10 3 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
13.2 
----
----
-
- - -
--
~- - - -
-- -
- -
-
--
--
-----
240 400 1.00E+ 15 0 0 0 00 00 0 1 0 0 1 0 
8 10 9 0 2 1 0 0 0 0 0 0 0 0 0 0 0 
14.1 
-----
------
- --
,_ 
- --
- -
- - -
- - -
-- - -
L--
-
- - --
--
---
240 400 Control 0 0 2 0 3 4 5 5 1 4 1 3 0 3 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
9.7 
-- -
----
--- - -
- - -
-
>---- - --- - - - - -- -- --
- --
----
240 800 1.00E+13 0 0 0 0 1 00 00 0 0 9 
12 10 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
13.2 
-----
-
- -
- -
- - -- -
-
1----
- -
-- --
-
--- -
L-
--
--- -----
240 800 1.00E+14 0 0 0 00 00 00 1 0 2 
7 13 8 6 2 2 0 0 0 0 0 0 0 0 0 0 0 0 
14.5 
------
-------
_____ ,__ 
-
- -
- -
-- -
- -
--
~-
- - -
-- - -
-
-
~--- -·--
240 800 1.00E + 15 0 0 0 00 0 000 0 0 0 0 
0 4 12 11 5 0 0 0 0 0 0 0 0 0 0 0 0 
15.6 
------
---- ----
·-
_._ 
- -
- -- - -
- - -
--- - - - -
- - -
-- -
- -
-
-----
-- --
240 800 Control 0 0 2 2 2 1 3 5 1 2 0 4 2 2 
5 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
10.1 
-- ----- --- ~----
--------
-----
-- - ·-
- '- - '- -
- - -
- - -
-
- - -
- -
- -
- - - -
--
-
---
-- -- -----
240 1000 100E+ 13 1 0 0 0 0 1 000 0 0 2 8 
11 6 3 2 1 0 0 0 0 0 0 0 0 0 0 0 0 
13.7 
--------· 
------·-- ------
--
---
~ 
- - - -
- -
- -
-
- -
-- - -
- -
- - -
- - -
-
-
------ - ---- -- ----
240 1000 1.00E+14 0 1 0 0 00 000 0 0 0 0 
9 12 11 5 1 0 0 0 0 0 0 0 0 0 0 0 0 
15.1 
---------
---------
-----
-- -- - -- -
._ 
-
._ 
- -
-- - -
-
-
- -- -- -
- -
- -
- -
--
---
- -
.___ -
-
----
240 1000 1.00E+15 0 0 0 0 00 000 0 0 0 0 
0 1 15 15 4 1 0 0 0 0 0 0 0 0 0 0 0 
16.7 
---------
---·-----
---- --
- --
._ 
·-
L-
- - -
- -- -
- -
-- - -
--- -
- -- - -
- -
-- -
-
---- -- . 
240 1000 Controf 0 0 1 2 2 3 0 5 3 1 0 0 3 1
 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
9.6 
------
>-- - --- -- - - -- - -
- -
~ 
-
- - - -
,-
- --
,___ 
-- ----
240 CONTROL 1.00E+ 13 2 1 1 3 20 2 1 2 0 1 1 3 3 
3 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
8.7 
-
>- - --- - -- --- -- - - -
-
- --
- -- - -
-- •- -- - -- --
240 CONTROL 1.00E+ 14 1 1 2 2 3 1 1 4 2 0 1 0 3 
4 2 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
8.9 
~-----
-
----
,_ 
-
- - -
-
-- -- - -
- - - -
- - - -
-
~ -- -
, __ -
----
240 CONTROL 1.00E+ 15 1 t 1 3 2 1 2 1 4 2 0 2 2 
1 4 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
8.7 
-----
--
--
--
'-----
-
I-- - - - -
240 CONTROL Control 0 2 2 4 1 4 3 00 3 0 2 2 4 
2 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 9.3 
BREAKDOWN VOLTAGE DISTRIBUTION BEFORE IRRADIATION. 
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Fig. 23 Breakdown voltage distribution before irradiation, thickness= 380A, temp= 400 C. 
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Fig. 24 Breakdown voltage distribution bcf ore irradiation, thickness= 380' ,.A, temp= 800 C. 
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Fig. 25 Breakdown voltage distributio·n before irradiation, thickness= 380 A, temp= 1000 C. 
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Fig. 2h Breakdown voltage distribution before irradiation, thickness= 380 ;A, temp= Control. 
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Fig. 27 Breakdown voltage distribution before irradiation, thickness= 240A, temp= 400 C. 
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Fig. 28 Breakdown voltage distribution before irradiation, thickness= 240A, temp= 800 C. 
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Fig. 29 Breakdown voltage distribution before irradiation, thickness= 240A, temp= 1000 C. 
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Fig. 30 Breakdown voltage distribution before irradiation, thickness= 240A, temp= Control. 
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TABLE III 
BREAKDOWN VOLTAGE (VOLTS): 1 2 3 45 67 89 10 11 j 12l 1al 14j 1sl 16l 1711Bl 19J20l21 l22l23 
THK TEMP DOSE BREAKDOWN VOLTAGE DISTRIBUTION 
... 
380 400 1.00E+ 13 0 0 0 00 00 00 0 0 1 0 0 3 1 2 1 2 0 4 5 9 
·-
- ~- ·- - . - -
380 400 1.00E+ 14 0 0 0 1 0 00 00 0 0 0 0 0 1 0 2 3 1 4 5 5 7 
- -
......_ .._ 
- -
380 400 1.00E+15 0 0 0 00 00 00 0 1 0 0 0 1 0 0 0 1 5 8 6 3 
~ ..._ 
.__. 
·- - - -
.__ 
. 
380 400 Control 0 0 0 00 00 00 0 0 0 0 0 1 2 2 1 2 6 3 7 11 
380 800 1.00Et13 0 0 0 00 1 0 00 1 0 0 0 0 0 0 1 2 0 4 7 8 7 _,__ 
-
.__ 
380 800 1.00E+ 14 0 0 0 00 00 00 0 0 2 0 0 1 1 0 1 4 3 5 8 9 ,.._. ~-
-
.__ 
-
380 800 1.00E t 15 0 0 0 00 00 00 0 0 0 0 1 0 1 2 3 5 4 6 10 5 
-
-
- - -
'-
--
380 800 Control 0 0 0 00 00 1 0 0 0 0 0 0 0 1 2 2 0 5 2 12 4 
--
--· 
- - - - -. 
380 1000 1.00E+13 0 0 0 00 00 00 0 0 0 0 0 1 0 0 1 3 4 0 6 6 
----
~-
-
~~-
·- - - ---
~-
-
380 1000 1.00E+ 14 0 0 0 00 00 00 0 0 0 0 0 1 0 0 2 0 4 1 2 4 
-
..._ 
~- ·-
,_ 
~-
--
-
380 1000 1.00E t 15 1 0 0 00 00 00 1 0 0 0 0 2 1 0 1 3 1 1 0 4 
-
380 1000 Control 0 0 0 00 00 0 1 0 0 0 0 0 0 1 0 0 0 2 0 6 12 ,_ 
·- ·- --
..._ 
-· ·-
·-
380 CONTROL 1.00E+13 0 0 0 00 00 00 0 2 1 0 0 1 0 0 1 0 1 1 6 6 
-- - - -
380 CONTROL 1.00E t 14 0 0 0 00 0 1 00 0 1 0 0 1 0 1 0 2 0 1 3 8 5 
-- - ·- -· ·-
- - -
- - - - -
-
380 CONTROL 1.00E + 15 0 0 0 00 00 1 0 1 0 0 0 0 0 0 0 4 1 3 2 5 6 l-
·-
- - -· - -
-l-
--
380 CONTROL Control 0 0 0 00 00 1 0 0 0 0 0 0 1 3 0 1 0 2 0 2 10 
•·- -
,._. 
- - -
240 400 1.00E+13 1 0 2 00 0 1 00 0 0 1 2 3 9 11 2 2 0 1 0 0 0 
-- -- - •-
,._ 
-
-- - -
,_ 
~---
----- --· 
240 400 1.00E t 14 0 0 0 00 00 0 1 0 2 3 1 6 7 9 12 3 4 0 0 0 0 
------·· 
~-
-·-
,_,_ 
-- - '- ·-·- ··-
- -· - -
-
240 400 1.00E + 15 1 1 0 00 00 00 0 0 2 2 12 11 2 2 6 0 0 0 0 0 
----- -----
---
'- - - - - ·- -
-
f-~-
- -
-
- -
240 400 Control 1 0 0 00 00 0 1 0 0 1 1 9 0 5 12 0 3 0 0 0 0 
---· ----- -
,_ ~-
- -
- - - -
'--- -- ·- - -- -
240 800 1.00E+13 0 0 0 0 1 00 00 1 0 5 3 8 0 7 6 3 2 0 1 0 0 
--
--~---- - . -- -
'- -- -
..._. 
-· -- -
- -
- -· -· 
240 800 1.00E + 14 1 1 1 00 0 00 0 1 0 0 4 5 5 5 8 4 0 4 1 0 0 l----
-· --
·- -- - - -
-
240 800 1.00E t 15 0 0 0 0 1 0 1 0 1 0 0 3 5 0 6 5 5 6 1 0 0 0 0 
----
---------
----
- - -
..._ ~ 
-- -- - •- - -· - -
240 BOO Control 0 0 0 0 0 0 0 0 1 0 0 2 5 1 7 4 9 4 1 1 1 0 0 
------
- >- - - - - -
,_ 
- -
-
-- -
1--
- - -
.__ 
- - -
- -
240 1000 1.00E t 13 0 0 0 0 00 00 0 1 1 1 1 0 2 3 8 12 0 0 0 0 0 
------
------ --- -
_, __
-'-
-
--
-
>---
- - -· --· 
- - -
240 1000 1.00E+14 0 1 0 0 0 0 0 1 2 0 0 0 1 0 2 5 13 4 3 1 0 0 0 
--· 
,_ 
-
.__ 
- - ··- -· - -- -
----
--·---- --------
240 1000 1.00E+15 0 0 1 0 0 1 0 0 1 0 0 0 2 5 5 4 7 3 1 0 0 0 0 
----·-····- -----· -
._._ 
- - -
,_ 
-
,_ 
-
-- ·-· - - -
240 1000 Control 1 0 0 0 1 0 000 1 0 0 0 0 0 5 12 6 2 0 1 0 0 
---~ ---- -----
,_ 
--- - -
·- •- - -· ·- - - -
240 CONTROL 1.00E t 13 0 0 0 1 1 0 0 0 1 0 0 0 0 5 6 6 4 5 1 1 1 0 0 
------
----- - - --
- ,_ 
--
- - -
,-
- - -
- - -
240 CONTROL 1.00E+14 1 1 0 0 0 0 0 0 1 0 0 1 1 5 2 4 10 3 1 1 0 1 0 
------- ---
-·-
-
,_ 
- - -
-~ >-- - - - -
240 CONTROL 1.00E t 15 0 1 1 0 0 0 0 1 0 0 0 0 0 0 3 5 12 6 2 1 0 0 0 
-
240 CONTROL Control 2 1 0 0 0 0 0 0 0 0 0 1 0 0 0 4 13 7 3 0 0 0 0 
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Fig. 31 Breakdown voltage distribution after irradiation, thickness= 380A, temp= 400. 
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3..3 X-ray irradiation 
Radiation damage 1n either the silicon or the SiO 2 will affect device 
characteristics in MOS devices. Radiation effects arise from hole-electron pairs 
produced in the material by ionizing radiation. Ionization is the process of 
producing positive ions and free electrons while electrons are being removed 
from their parent atoms. If the electrons are removed from the valence band, 
creation of mobile holes will occur in the valence band. The end result of the 
ionization process is change in the electrical characteristics of the material. Once 
electrorys are generated by radiation, they move through the material and produce 
.other electron-hole pairs. The electrons will drift in the direction opposite to that 
of electric field while holes drift in the direction of the electric field of the 
material. In the presence of impurities in the material, the holes or electrons may 
be captured and imobilized by the impurity atom. The number of hole-electron 
pairs generated in the semiconductor or insulator by the absorbtion of radiation 
depends upon the band gap of the ·material as well as the quantity .of energy 
absorbed. The energy required to generate a hole'"electron pair in silicon is about 
three times the band gap of silicon. [221 Most of the electrons released during 
ionization escape from the radiated material. As a result, a net positive charge is 
left behind, and an electric field is generated. Figure 39(a-e) illustrates the 
ionizing radiation effect in a semiconductor material. 
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Fig. 40 Schematic representation of displacement damage in Si 02. 
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The other lype of damage, the displacement damage which can occur in a 
cyrystalline solid as a .result of collisions of energetic particles such as neutrons 
with the nuclei of the lattice atoms. This process is ilustrated in figure 40. l23J 
Radiation effects are concerned in the operating of semiconductor devices in 
industrial, space, and military applications, in a radiation environment. Radiation 
created defects arise from a variety of radiation sources encounted by the device 
during its fabrication, in operation, and in hardening testing. Sources of ionizing 
radiation encountered during device fabrication include X-rays used in X-ray 
lithography, ion beams used in ion implantations, and X-rays and energetic 
photons produced in various plasma process.es. Sources of ionizing radiation 
encounted from particles of solar origin as well as high energy cosmic ray 
particles. Other sources of radiations are those encounter in nuclear explosions 
which· may include X-ray, y-ray, and ionizing radiation produced by energetic 
neutrons. 
In MOS devices, the insulator is the most sensitive region of the device. 
When ionizing radiation passes through_ an insulator, the energy deposited creates 
electron-hole pairs. The electrons generated are much more mobile than the 
holes, and they are swept out of the o_xide. However, some of the electrons 
recombine with holes before leaving the oxide. The number of electrons that 
recombine depends strongly on the applied field, the kind of incident particles and 
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energy. The holes that escaped the initial recombination are relatively stationary 
and are trapped at Si-SiO 2 interface, causing negative shifts in gate voltage of 
MOS devices. l241 
In this experiment, X-ray is the squrce -of the radiation. The irradiation source 
was an X-:ray beam generated frL·m a W target bombarded by 40 KeV electrons, 
with a typical dose rate of 30 krad(Si)/min. During· irradiation the gate was either 
grounded or left floating, and ·n.o qualitative difference in the radiation response 
was observed. 
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3.4 Discussion 
3 .4 .1 Fluorine effect on breakdown voltage before irradiation: The mean 
0 
breakdown voltage is shown. in figures 41 and 42 for oxide thickne.ss of 240A and 
0 . 
380A before irradiation, respectively. From figures 41 and 42, there is no 
difference of the breakdown yoltage of the ·10 13 and 1014 cm-2 comparing to the 
breakdown voltage of the control sample. However, fluorine has ~ small 
degradation in breakdown voltage at the 1015 cm-2 dose at the fluorine diffusion 
temperature of 1000°C where the fluorine has the highest concentration 
( 1020 cm -3 ). This result is consistant with the values reported in several papers 
[251 [261. There is no effect found for the fluorine dose of 1015 cm-3 at 400°C and 
800°C diffusion temperatures. 
The degradation of the breakdown voltage is considered insignificant because 
it is small compared with the wide range of the breakdown voltage distribution in 
this case, and the unimplanted devices showed a similar distribution. It is 
possible that the fluorine degrades the breakdown voltage of the oxide by 
destroying the network of the oxide. The effects are similar for the. oxide 
0 0 
thickness of 240A and 380A. 
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3 .4 .Z Fluorine effect on breakdown voltage after irradiation: The mean 
0 
breakdown voltage is shown in figures 43 and 44 for oxide thickness of 240A and 
0 
380A after irradiation, respectively. From figures 43 and 44,. it is clear that the 
breakdown voltage of the fluorinated samples is more resistance to the irradiation 
damage than the non-fluorinated samples. The percentage degradation in the 
breakdown voltage is also different between the fluorine doses: the higher the 
fluorine dose, the lower the percentage degradation. It is also shown that the 
percentage degradation is different for different temperatures. The percentage 
degradation decreases with increasing the temperatures. 
This is due· to the fact that at higher dose and higher temperature, the fluorine 
concentration at the SiO 2-Si interface is higher. This also suggests that fluorine 
helps to improve the breakdown voltage of the irradiated oxide. 
The improvement in resistance to irradiation for the fluorinated sample is 
clearly a function of the fluorine dose. The result is consistant with the earlier 
work descibed in [l?] 
Another interesting. point is that the fluorine not only improves the breakdown 
resistance to irradiation, but also the breakdown voltage distribution for the 
fluorinated sample is much tighter than the breakdown distribution of the cotrol 
sample. This can be seen in figures 31-38. In addition, the improvement is a little 
80 
0 0 
better for the oxide thic;kness of 380A. than of 240A .. The reason for this because 
as ·a result of the irradiation, the radiation induced charge density increases with 
increasing oxide thickness 1231, and the radiation-induced posiri ve oxide cha~ge is 
reduced more with the presence of fluorine in the thicker oxide than the thinner 
oxide. 
The major effect of ionizing radiation is the generation of positive oxide 
charge resulting from hole trapping at the Si-SiO 2 interface as dicussed in the 
previous section. The radiation-induced pos1nve oxide charge and charge 
interface traps are located within a few hundred angstroms of the Si-SiO 2 
interface. These charges at the interface might also ead to the degradation of the 
breakdown voltage. 
The improvement in the degradation of the breakdown voltage is possible due 
to the fact that the radiation-induced oxide charge arid interface traps are greatly 
reduced in the presence of fluorine in the oxide [291. 
It is possible that the improved interface hardness of the fluorinated oxide is 
due to a combination of local strain relaxation combined with a stronger Si-F 
interface bond. The proposed mechanism for this improved interface hardness 
employs a bond-strain gradient model [JO]. It is hypothesized that the interfacial 
formation of a Si-F bond results in a local strain relaxation. The fluorine diffuses 
81 
and bonds to dangling bonds and weakened bonds in the oxide. The fluorine will 
then break the Si-0 bonds and displace oxygen at. these sites. It should be noted 
that, since fluorine tends to form Si-F bonds in the SiO 2 network, it is expected 
that more non-bridging oxygen sites will result; and this possibly account for 
additional oxide growth when these free oxygen diffuse to the interface and 
oxidizes additional silicon. 
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4. CONCLUSION 
The effect of fluorine incorporation in the gate oxides on the breakdown 
voltage before and after irradiation was investgated "for different fluorine doses 
and diffusion tem·peratures. The following results are found: 
- The fluorine is most diffused into the oxide at .l 000°C, at 800°C some of the 
fluorine still stay at the polysilicon~SiO 2 interface, and very few of fluorine 
diffused into oxide at 400°C. 
- The fluorine concentration piles up at the Si -SiO 2 interface after diffusion, 
and has the high_est concentration ( 1020 cm-3 ) at 1000°C. This result is verified 
by SIMS analysis. 
- High level of fluorine has been found to have a small degradation to the 
breakdown voltage of the oxides. The breakdown degradation occurs at the 
fluorine dose of 1015 cm-2 and at 1000°C diffusion temperature. There is no 
effect was found for the fluorine doses of 1013 and 1014 cm-2 , and for 400°C and 
800°C diffusion temperatures. The fluorine has the same effect on the oxide 
0 0 
thickness of 240A arid 380A. 
- The fluorinated oxide is much more resistance to the irradiation damage. 
The fluorin·ated samples had much smaller breakdown voltage degradation than 
the non~fluorinated samples after exposed to X-ray. The improvement of the 
85 
breakdown degradation percentage has fot1nd to be a function of fluorine dose. 
It is hypothesized that the improved irradiation damage is due to the Si-Si0 2 
interface strain relaxation in conjunction with the much greater Si-F bond strengh. 
A suggestion for future work would be to investigate on the effect of the 
fluorine to the breakdown voltage at higher doses:10 15 to 5X 1016cm-2 and at 
diffusion temperature from 950-1050°C. it is believed that at higher doses, 
fluorine may have a negative effects on the breakdown voltage. 
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